It has been reported that cancer stem cells may contribute to glioma radioresistance through preferential activation of the DNA damage checkpoint response and an increase in DNA repair capacity. We have examined DNA repair in five stem and nonstem glioma cell lines. The population doubling time was significantly increased in stem compared with nonstem cells, and enhanced activation of Chk1 and Chk2 kinases was observed in untreated CD133 + compared with CD133 À cells. Neither DNA base excision or single-strand break repair nor resolution of pH2AX nuclear foci were increased in CD133 + compared with CD133 À cells. We conclude that glioma stem cells display elongated cell cycle and enhanced basal activation of checkpoint proteins that might contribute to their radioresistance, whereas enhanced DNA repair is not a common feature of these cells. (Mol Cancer Res 2009;7(3):383 -92) 
Introduction
Appreciating the biological distinctness of glioma stem cells is crucial for the development of specific therapies that effectively target these cells in patients and improve treatment outcome (1) . Resistance of glioma stem cells to chemotherapeutic drugs has been reported (2) and an expression signature dominated by HOX genes, which comprises the CD133 stem cell antigen, emerged as a predictor for poor survival in glioma patients treated with concomitant chemoradiotherapy (3).
Expression of antiapoptotic and multidrug resistance-associated protein genes has been found elevated in cancer stem-like cells isolated from glioblastoma and astrocytoma and may represent important mechanisms of resistance to chemotherapy and radiotherapy in these cells (4) . Overexpression of multiple ion channel genes (e.g., chloride intracellular channel 1) may also contribute to resistance of glioma stem cells to alkylating agents (5) . Hence, different mechanisms may underlie resistance of glioma stem cells to radiotherapeutic and chemotherapeutic agents. The contribution of DNA repair to this clinically decisive phenomenon is poorly defined. Bao et al. (6) have proposed that glioma stem cells may resist radiation through preferential activation of the DNA damage checkpoint response and an increase in DNA repair capacity. In this study, the fraction of tumor cells expressing CD133 was enriched after radiation in gliomas. In both cell culture and brains of immunocompromised mice, CD133 + glioma cells survived ionizing radiation (IR) in increased proportions relative to most tumor cells, which lack CD133. CD133 + tumor cells isolated from both human glioma xenografts and primary patient glioblastoma specimens preferentially activated the DNA damage checkpoint in response to radiation and repaired IRinduced DNA damage more effectively than CD133
À tumor cells (6) . In addition, the radioresistance of CD133 + glioma stem cells could be reversed with a specific inhibitor of the Chk1 and Chk2 checkpoint kinases. To improve our knowledge on the role of DNA repair in resistance of glioma stem cells, we have examined the DNA repair capacity of five stem cell lines, as defined by Vescovi et al. (7) , in comparison with five established nonstem glioma cell lines. The population doubling time (PDT) was significantly increased in the stem lines and activation of the checkpoint kinases Chk1 and Chk2 was more pronounced in untreated CD133
+ compared with CD133 À cells.
We could not find any significant increase of DNA base excision repair (BER), single-strand break (SSB) repair, and resolution of pH2AX foci, an indicator of double-strand break (DSB) repair.
Results

Characterization of Glioma Stem Cells
It was pursued following criteria proposed by Vescovi et al. (7) .
Extensive Self-Renewal Ability. We analyzed stem and nonstem cell lines for expression of stem markers CD133 and nestin as well as their population kinetics and cell cycle distribution ex vivo (7) . Glioma subpopulations expressing CD133 are enriched for cancer stem cells and show elevated tumorigenic potential (8) (9) (10) , although it is still unclear which subset of the CD133 + precursor pool can initiate tumor formation in vivo and the existence of CD133
À cancer stem cells has been shown as well (7) (8) (9) (10) . The five stem cultures investigated in this study (Fig. 1A , solid columns, and C) expressed CD133 at variable extent ranging from 1% (2/11) to 85% (BORRU) of cells (average F SE, 26 F 16%). All stem cell cultures further expressed the stem marker nestin (Fig. 1B and D) at relatively high levels, ranging from 40% (BORRU) to 100% (PERU and 2/11) of cells (average F SE, 85 F 11%). The population kinetics of stem cells was analyzed by determining their PDT and cell cycle distribution. The PDT of stem glioma cells are shown in Fig. 1E . Stem cells (Fig. 1E , left, solid columns) displayed an average 58 F 2 h PDT and maintained extensive cell renewal ability with unchanged proliferation parameters over a period of at least 3 months of continuing culture (data not shown). Analysis of cell cycle distribution (Fig. 1F, left) showed 54% of cells in G 0 -G 1 and 28% in apoptosis.
No nonstem cell line expressed CD133 ( Fig. 1A and C) . Remarkably, the A172 and U373 cell lines that maintain proliferative capacity under stem culture conditions [presence of epidermal growth factor (EGF)-fibroblast growth factor (FGF) and absence of FCS] expressed elevated levels of nestin (90% of positive cells; Fig. 1B and D; average F SE for nonstem cells, 37 F 21%). Thus, expression of nestin correlates with the ability to proliferate under stem culture conditions but not with cancer-initiating ability (see below; Table 1 ). Nonstem cell lines (Fig. 1E , open columns) displayed a significant 1.9-fold lower PDT (average F SE, 31 F 5 h) compared with stem cells. No significant difference in cell cycle distribution or apoptosis was observed between stem and nonstem cell lines (Fig. 1F) . The cell renewal ability of immortalized, established nonstem cell lines is by definition unlimited.
Cancer-Initiating Ability on Orthotopic Implantation. When 10 5 cells are injected orthotopically in immunodeficient mice, all stem cell lines produce a tumor histologically very similar (phenocopy) to the original tumor (Table 1 ; Fig. 1G ). Nonstem established cell lines are also capable to cause tumor development when implanted orthotopically, although the number of cells to be injected in athymic mice may vary widely (11) (12) (13) (14) (15) . The A172 cell line is nontumorigenic (11) (12) (13) (14) . Hence, cancer-initiating ability on orthotopic implantation is not a hallmark of brain cancer stem cells only.
Karyotypic Alterations. The karyotypes of stem cell lines showed chromosomal alterations (Table 2) . Structural aberrations were lower in stem cell lines (total, 18) than in nonstem cell lines (total, 44), whereas numerical aberrations were similar in stem and nonstem cells (49 and 52, respectively; Table 2 ). The average numbers of spontaneous ( Fig. 2A) or temozolomide-and IR-induced ( Fig. 2B and C (Table 1) . Nevertheless, all of them are negative for CD133 as determined with our FACSCalibur system ( Fig. 1A and C) . This indicates that CD133 may not be a suitable marker of tumorigenicity in nonstem cell lines. To our knowledge, no marker is currently available to sort tumorigenic from nontumorigenic cells in established nonstem glioma cell lines. Differentiation Capacity. This was the only parameter that unequivocally permitted, in our hands, to distinguish stem from nonstem glioma cells. Stem cells were cultured in this study as adherent monolayers, allowing convenient morphologic analysis of differentiation under the inverted light microscope (Fig. 3) . Removal of growth factors and addition of FCS (differentiating conditions) resulted after 3 weeks in acquisition of a typical astroglial morphology by the five stem cell lines (Fig. 3A , STEM-FCS). Analysis of marker expression confirmed the morphologic analysis (Fig. 3B) . Glial fibrillary acidic protein (GFAP) is an intermediate filament protein that is highly specific for cells of astroglial lineage. The percentage of GFAP + cells ( Fig. 3B ; average, 29 F 14%) significantly increased under differentiating conditions ( Fig. 3B ; average, 81 F 7%), indicating that differentiation of stem cultures was mostly oriented to astroglial commitment.
In adult tissues, the distribution of h-tubulin III is almost exclusively neuron specific, making this protein a useful marker of neural differentiation. The percentage of stem cells expressing h-tubulin III ( Fig. 3C ; average, 70 F 11%) was unchanged under differentiating conditions ( Fig. 3C ; average, 70 F 9%), indicating that stem cultures used in this study do not commit to neuronal differentiation on removal of growth factors.
On differentiation (Fig. 3D) , the average PDT significantly increased from 58 F 2 to 83 F 8 h, indicating that differentiation involves a decreased rate of proliferation. Analysis of cell cycle distribution and apoptosis by fluorescence-activated cell sorting (Fig. 3E) showed no accumulation of differentiating cells in any particular phase of the cell cycle nor increased apoptosis. Hence, differentiation does not imply a cell cycle block at a specific point or increased programmed cell death but rather an elongation of all phases of the cell cycle.
The morphology of nonstem glioma cell lines is shown in Fig. 3A (Non-STEM). Normally, these cells are cultured in the presence of FCS and Matrigel coating of flasks is dispensable for their proliferation. Under stem cell culture conditions (EGF-FGF), proliferation of some cell lines (D54, U87, and U251) was suppressed, whereas the proliferation rate of A172 and U373 was essentially unchanged. Matrigel coating of flasks was indispensable for proliferation of A172 and U373 in EGF-FGF. Nonstem cell lines could never acquire an astroglial-like morphology (Fig. 3A , Non-STEM-FCS ) and no GFAP expression was observed in them with the exception of the U373 cell line where a limited number of GFAP + cells was counted (data not shown). 
DNA Repair
BER. Figure 4A to C compare the BER capacities of stem and nonstem cells. BER was determined by an in vitro assay in which plasmid substrates containing a single AP site at a defined location are repaired by mammalian cell extracts (16 (Fig. 1A-D) is shown in Fig. 4C . BORRU cell extracts with high CD133 expression (Figs. 4C, lanes 1 and 2, and 1A) had lower BER capacity than 2/11 extracts with low CD133 expression (Figs. 4C, lanes 3 and 4, and 1A). Likewise, U373 extracts with elevated nestin expression (Figs. 4C, lanes 7 and 8, and 1B) had lower BER capacity than U87 extracts with low nestin expression (Figs. 4C, lanes 5 and 6, and 1B). As a control, undamaged pGEM T plasmids did not incorporate any labeled nucleotide in the analyzed region (Fig. 4C, lanes 9-12) .
Resolution of pH2AX Nuclear Foci after IR. H2AX has been identified as one of the key histones to undergo various posttranslational modifications in response to DNA DSB. DSB by ATM protein (17) . pH2AX localizes to sites of DSB at subnuclear foci that can be conveniently visualized by immunofluorescence (18) . Figure 4D shows the resolution of pH2AX nuclear foci in CD133 + and matched CD133 À BORRU glioma cells after 3 Gy IR. The percentage of cells with nuclear foci of pH2AX after IR was not significantly different in CD133 À and CD133 + cells at both 1 and 24 h after treatment (Fig. 4D) .
Single-Cell Gel Electrophoresis. An increased strand break repair capacity determined by single-cell gel electrophoresis has been reported by Bao et al. (6) (Fig. 5) . Consistent with the elongated cell cycle of STEM cells (Fig. 1E) , we observed an increased activation of Chk1 and Chk2 in untreated CD133 + compared with CD133 À cells. Hence, CD133 + cells display enhanced basal activation of checkpoint kinases that may determine their cell cycle delay and contribute to their radioresistance by allowing more time for DNA repair of damages.
Discussion
Characterization of Glioma Stem Cells
Vescovi et al. (7) have proposed five cardinal features to define brain tumor stem cells according to generally accepted criteria. We briefly discuss them in the light of our findings.
Extensive Cell Renewal Ability. It was shown ex vivo in stem cells used in this study by population kinetic analyses (PDT and cell cycle distribution; Fig. 1 ). By definition yet, it features immortal nonstem cell lines too.
Cancer-Initiating Ability on Orthotopic Implantation. It has been reported that stem cells may persist in established malignant cell lines such as the C6 glioma cell line and that those subpopulations of stem cells would be crucial for malignancy (22) . However, three of five established cell lines analyzed in this study (D54, U87, and U251) contained no (Fig. 1) , were unable to proliferate under stem cell culture conditions, and showed no differentiation capacity (Fig. 3) . Nevertheless, these established cell lines are tumorigenic in the mouse (Table 1, right) . The general validity of the cancer stem cell hypothesis has been recently questioned with different points, including the observation that the low frequency of tumor-sustaining cells observed in xenotransplantation studies may reflect the limited ability of human tumor cells to adapt to growth in a foreign (mouse) milieu (23) (24) (25) . Our data do not support the hypothesis that cancer-initiating ability on orthotopic implantation is a hallmark of stem cells only at least as defined by Vescovi et al. (7) .
Karyotypic or Genetic Alterations. Elevated frequencies of chromosomal aberrations and micronuclei were found in both stem and nonstem cultures ( Table 2 ; Fig. 2 ). Definitely, they are not a prerogative of cancer stem cells. and differentiating (right ) cells. Cells were harvested, permeabilized, incubated with propidium iodide, and analyzed on a FACSort cytofluorimeter. Based on propidium iodide staining, cells were defined as G 0 -G 1 (DNA content = n), G 2 -M (DNA content = 2n), S (n < DNA content < 2n), or apoptotic (DNA content < n). Average F SE for five cell lines. Capacity to Generate Nontumorigenic End Cells. It featured stem cells, where CD133 expression correlates with tumorigenicity (Table 3) , but was not determinable in nonstem cells, due to the lack of expression of CD133 in them. Because no alternative marker is currently available to distinguish tumorigenic from nontumorigenic nonstem cells, it is not possible to show inability to generate the latter.
Differentiation Capacity. It was the watershed between stem and nonstem cells in this study. Acquisition of astroglial morphology and expression of astroglial differentiation markers were peculiar to stem cells only (Fig. 3) . This was accompanied by a significant elongation of PDT and cell cycle phases. In our opinion, the term cancer ''stem'' cell should be applied to cancer-driving cells only in case of differentiation capacity. Otherwise, the term ''cancer-initiating cell'' or ''tumorpropagating cell'' could be more appropriate (23) (24) (25) .
In conclusion, we found the defining features of brain tumor stem cells proposed by Vescovi et al. (7) a valuable tool to standardize and guide work in the field. We would further emphasize that the differentiation capacity may be considered as an indispensable feature to talk about ''stem'' cells. In the presence of such a hallmark, whether the term ''cancer'' may further be applied would depend on fulfillment of all additional criteria proposed by Vescovi et al. (7) .
DNA Repair
The contribution of DNA repair to resistance of cancer stem cells to radiotherapy or chemotherapy is poorly defined (26) . It has been reported that cancer stem cells contribute to glioma radioresistance through preferential activation of the DNA damage checkpoint response and an increase in DNA repair capacity as measured by the single-cell gel electrophoresis assay and resolution of pH2AX foci (6) . In our study, the PDT was longer (Fig. 1E ) in stem compared with nonstem cells, and activation of Chk1 and Chk2 checkpoint kinases was more pronounced in CD133 + compared with CD133 À cells even in the absence of treatment (Fig. 5) , indicating that delayed cell cycle may represent a general mechanism of genome safeguard in glioma stem cells, allowing these cells more time to repair DNA damage. Neither BER or SSB repair visualized by the comet assay nor resolution of pH2AX foci, an indicator of DSB repair, was enhanced in CD133 + cells (Fig. 4) . Thus, although stem cells display peculiar features of proliferation and constitutive activation of checkpoint kinases that may contribute to their resistance to therapeutic agents, no enhancement of DNA repair capacity could be observed in them. The inconsistency with the increased SSB and DSB repair capacity reported by Bao et al. (6) 
Materials and Methods
Cell Lines
Surgery-derived tumor specimens were obtained, after informed consent, from five male patients with diagnosis of glioblastoma multiforme, WHO grade IV. They were collected on ice and immediately processed for isolation of stem cells according to Svendsen et al. (27) with modifications. Briefly, tissue was washed, minced, and triturated and cells were seeded at a concentration of 100,000/mL into tissue culture flasks coated with Matrigel (BD Biosciences). Cells were grown in proliferation medium containing DMEM/F-12/NSA and N2 supplement (1:50; Life Technologies/Invitrogen), recombinant human FGF-2 (10 ng/mL; Peprotech), and recombinant human EGF (20 ng/mL; Peprotech). Fresh FGF-2 and EGF were added twice per week. Under these conditions, the cells attach and grow as a monolayer in flasks and maintain intact self-renewal capacity for at least 3 months. Removal of growth factors and addition of 10% FCS to the proliferation medium results after f3 weeks in acquisition of astroglial morphology and expression of the differentiation marker GFAP (Fig. 3) .
The established cell lines A172, D54, U87, U251, and U373 were used as nonstem controls. All these lines derive from WHO grade IV glioblastoma multiforme tumors (11) (12) (13) (14) (15) . A172, D54, and U87 cells are wild-type for p53. U251 and U373 are p53 mutant. D54 and U251 cells were kind gifts of Prof. P. Quesada (University of Naples). A172 and U373 were kind gifts of Prof. T. Florio (University of Genova). U87 was purchased from the Interlab Cell Line Collection at Istituto Nazionale Ricerca Cancro. All nonstem cell lines were cultured in DMEM containing 10% FCS unless otherwise indicated.
Tumorigenicity
Tumorigenicity in NOD/SCID mice was used to check that the stem cells maintained brain tumor-initiating activity. For intracranial inoculation, two to four NOD/SCID mice (6-8 weeks old; Charles River) were anesthetized with i.m. ketamine and xylazine. Thereafter, the animals were positioned into a stereotaxic frame (David Kopf instruments) and a hole was made using a 21-gauge needle, 2.5 mm lateral and 1 mm anterior from the intersection of the coronal and sagittal sutures (bregma). The indicated number of cells was injected in the left corpus striatum. Animals were observed for at least 6 months for progressive tumor growth at the site of injection. For tumor analysis, animals were sacrificed and brains were fixed and stained with an anti-nestin mouse monoclonal primary antibody and a FITC-conjugated goat anti-mouse secondary IgG and counterstained with Hoechst 33342 dye to identify all nuclei. Progressive tumor growth was defined by the ability of the CD133 expression was determined as follows. Adherent cells were removed with 0.5 mmol/L EDTA in PBS, washed, suspended in buffer (2% bovine serum albumin in PBS), and incubated with CD133/1-PE (Miltenyi Biotech) or isotype control antibody (IgG1-PE; Miltenyi Biotech). CD133 expression was analyzed on a FACSCalibur (BD Biosciences). For immunostaining, the cells plated onto Matrigel-coated glass coverslips were fixed with 4% paraformaldehyde for 15 min at room temperature, treated with PBS-10% FCS-0.3% Triton X-100, and then stained with the following antibodies: anti-nestin (mouse monoclonal; 1:1,000; Novus Biologicals), anti-htubulin III (mouse monoclonal; 1:10,000; Sigma), and anti-GFAP (rabbit polyclonal; 1:10,000; DAKO). The primary antibodies were detected with FITC-conjugated goat antimouse IgG (1:700; Alexa) and rhodamine-conjugated goat antirabbit IgG (1:250; Jackson ImmunoResearch). The cells were counterstained with Hoechst 33342 dye (Sigma) to identify all nuclei. Quantification of cells positive for a specific marker was carried out by counting all the stained cells within 20 randomly selected microscope fields per specimen, and the percentage was calculated based on the total number of nuclei counted. CD133 + cells were purified by CD133/1 Miltenyi microbeads as per manufacturer instructions (Miltenyi Biotech). Cells were dissociated and resuspended in PBS containing 0.5% bovine serum albumin and 2 mmol/L EDTA. Positive magnetic cell separation was done using two magnetic cell separation columns in series. Aliquots of CD133 + and CD133 À cells were evaluated for purity by flow cytometry using CD133/2-PE (Miltenyi Biotech) or isotype control antibody (IgG2b-PE; Miltenyi Biotech) and analyzed on a BD FACSCalibur. Percentages of purified CD133 + and CD133 À cells were z80% and z95%, respectively.
Karyotypic Alterations and Micronuclei
The karyotype of stem and nonstem cell lines was analyzed using conventional cytogenetic analysis as described (28) . Spontaneous micronuclei were determined as described (29) . For temozolomide-induced micronuclei, cells were preliminarily exposed to temozolomide in medium without serum for 2 h, washed, and cultivated in complete medium for 8 days. Micronuclei were then determined after subtraction of spontaneous frequencies. For IR-induced micronuclei, cells were irradiated with 0.24 Gy in suspension by a CIS Bio International IBL437C irradiator. Cells were then plated and cultivated for 8 days and micronuclei were determined as above.
Cell Cycle Analysis, Apoptosis, and PDT Cell cycle and apoptosis were analyzed as described (30) . PDT was determined according to Glaab and Tindall (31) .
BER
The BER pathway was analyzed on plasmid substrates containing a single AP site as described (16) . Briefly, extracts prepared by the method of Tanaka et al. (32) were incubated with 400 ng plasmid substrate in the presence of [ 32 P]dTTP (GE Healthcare). DNA was then purified and treated with restriction endonucleases SmaI-PstI and the 25-mer fragment was resolved by denaturing PAGE. [ 32 P]dTMP incorporation was quantified by a Typhoon 9200 variable mode imager (Molecular Dynamics).
Resolution of pH2AX Foci
Matched CD133 À and CD133 + tumor cell cultures were purified (see Morphologic and Marker Analysis) from BORRU glioma and grown under control conditions or irradiated with 3 Gy IR and then assessed at 1 and 24 h after irradiation. Cells were pemeabilized, immunoblotted with an anti-pH2AX (Ser 139 ) rabbit monoclonal antibody conjugated with Alexa Fluor 488 (Cell Signaling Technology), and visualized under a fluorescence microscope. The percentage of CD133 À and CD133 + cells with nuclear foci of pH2AX was quantified after scoring 100 cells.
Single-Cell Gel Electrophoresis
Single-cell gel electrophoresis was carried out as described (19) . Briefly CD133 + and CD133 À cells were separated and plated. The following day, adherent cells were irradiated with 3 Gy IR and SSB repair was assessed by measuring the percentage of DNA in comets' tails at the indicated repair times. . Western blot analysis for detecting the pChk1 and pChk2 proteins was done by using primary rabbit polyclonal antibodies raised against pChk1 (Ser 345 ) and pChk2 (Ser 19 ) as per manufacturer's instructions (Cell Signaling Technology).
Statistical Analysis
The two-tailed nonparametric Mann-Whitney test was used. Statistical analysis was done using the statistical software GraphPad Instat 3.0 for Windows. Statistical significance was indicated with one (P < 0.05) or two (P < 0.01) asterisks.
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